Abstract. Bi-directional field-aligned electron distributions are sometimes observed in the plasma sheet. We looked through AMPTE-IRM data at high time resolution to study their appearance in the high-beta plasma sheet between 10 and 15 Re. We found that the occurrence frequency of bidirectional distributions drops sharply at r ≤ 15Re. We did not observe such anisotropic distributions in the undisturbed plasma sheet, but found them in the locally disturbed central plasma sheet preferentially in the flux tubes with low density and strong magnetic field. No simple association with a specific magnetotail state or substorm phase or rapid flows were observed, but opposite to expectations the largest field-aligned anisotropy values have been attained during strong magnetic pulse events characterized by the largest magnetic field compression (BZ ≥ 15 − 20 nT) in which the perpendicular temperature decreased instead of being increased. We study such events to show their identity with plasma bubbles and discuss the reasons why the betatron acceleration is not as effective as Fermi acceleration in these cases. The observations are interpreted in terms of underpopulated newly-reconnected plasma tubes of limited cross-tail extent (plasma bubbles) which are produced by impulsive magnetic reconnection and transported to the inner magnetosphere.
Introduction
Unlike protons the electrons are expected to behave adiabatically in the magnetotail plasma sheet. Hence their properties, including anisotropy, can give us some information on the acceleration processes they experienced. Previous surveys showed that at r ≥ 10 Re the electrons appear to be mostly isotropic, however some fraction of events show the field-aligned bi-directional anisotropy. Hada et al. [1981] were first to report systematic observations of such distributions: based on IMP-6 data they found them between 10 and 30 Re in ∼ 10% of plasma sheet observations, preferentially in association with high B elevation angles, that is in the central plasma sheet (CPS) region. In a recent study Smets et al. [2000] reported on bi-directional distributions observed during substorm dipolarization at r > 10 Re, whereas at closer distance they were replaced by butterfly distributions (at ∼ 9 Re) or pancake distributions (at closer distances). They modeled and explained such distributions as a result of large-scale magnetic field dipolarization during substorms. Two other papers also discussed electron field-aligned distributions, but they concerned the near Earth region and, probably, the different populations and different physics. The cigar shaped distributions at geosynchronous orbit before the substorm onset (Baker et al. [1978] ) concerned the high energy trapped (radiation belt) population and were explained by drift-shell splitting effects in the changing magnetic configuration. Very collimated (width comparable to the loss cone size, that is a few degrees only) distributions were found by Klumpar et al. [1988] at AMPTE/CCE spacecraft at the substorm onset and explained by the field-aligned acceleration above the ionosphere. They are very different from the more broad (in pitch-angle and energy), bi-directional (symmetric with respect to B-field direction) cigar shaped distributions we are dealing in our report.
The relationship of field-aligned bi-directional electrons in the plasma sheet with fast plasma flows (BBFs, see Angelopoulos et al. [1992] ) and/or substorm dipolarizations and, correspondingly, mechanisms and conditions of their appearance are not yet established. In this paper we take advantage of high time resolution measurements of the 3D distribution function on AMPTE/IRM spacecraft to address the appearance of field-aligned electron anisotropy in the CPS region of the near-Earth (10-15 Re) plasma sheet.
Observations
We used data from AMPTE/IRM plasma instrument (Paschmann et al. [1985] ) which provided the (on board computed moments of) distribution function (sometimes with full distribution function available) obtained every 4.5 sec with 4 (or 8) elevation angles and 8 (or 16) azimuthal angles (depending on operation mode) in 15 energy steps covering the energy ranges 0.015-30 keV for electrons and 0.020-40 keV for the ions (assumed protons). Magnetic field measurements with time resolution down to 1 sec were also available in this study.
To analyse the properties in the central part of disturbed plasma sheet we selected 5 outbound passes in which IRM scanned the near-Earth (10-15 Re) portion of nearmidnight region (Y = [−2, 6] Re) spending most of time in the CPS portion of the plasma sheet (here defined as a region where the plasma parameter β ≥ 1 ). The corresponding passes occurred on March 1, April 8, April 19, March 26 and April 16 in 1985. The first two of them have been studied in detail by Shiokawa et al. [1997] and Lopez et al. [1994] . All passes contained continuous disturbance sometimes intervened by the substorms.
An overview of observations of electron anisotropy (defined as Ae = T /T ⊥ ) together with magnetic field and plasma parameters is given in Figure 1 to illustrate the typical behavior; in this example the spacecraft have spent ≥ 90% of time in the CPS region. One clearly sees that electron anisotropy, if exists, is always Ae> 1 (that is, corresponds to field-aligned bi-directional anisotropy as has been checked on many occasions by inspection of the distribution function). It appears in a bursty manner and only in the locally disturbed plasma sheet, in association with turbulent and dipolarized magnetic field, bursty flux transfer rate [V × B]y and variable plasma parameters suggesting some association with bursty bulk flows. An association with substorm onsets is not as strong; many events of considerable anisotropy have been observed under steady magnetospheric convection conditions, or in the substorm recovery phase like in the example shown in Figure 2 .
Typical relationship between electron anisotropy and plasma sheet variations could be seen from Figure 2 which contains three isolated Ae spikes; two first spikes showed the largest anisotropy values observed on that day. These short Ae pulses coincide with large BZ (and total B) spikes, some plasma energization (Tp growth), pulses of the flux transfer rate (although with weak V x ∼ +100 km/s in first two pulses), and prominent density drops. The T increase was accompanied by the drop of T ⊥ which is a highly unexpected feature in the magnetic impulses like those hatched in Figure 2. Anisotropy continued after the magnetic impulses #2 and #3 when BZ component stayed to be large and density was low.
To get a representative picture of plasma parameter changes, we did a superimposed epoch analysis for 16 short magnetic impulse events selected with the following criteria: (1) Impulse amplitude δBZ ≥ 8 nT with duration ≤ 60 sec; (2) T /T ⊥ ≥ 1.2 at least in three points (5s resolution); (3) β ≥ 1 in ≥ 90% of points during 3 min long time interval analyzed. The start of BZ increase was taken as the time T=0. Like in Figure 2 , the average picture of 16 events in Figure  3 shows that clearest signatures are the increases of both BZ , BT and flux transfer rate as well as the density drop (by 30%). Combined with modest temperature increase this drop results in the drop of plasma pressure which is nearly balanced by the increase of magnetic pressure so that the total pressure is nearly constant. Protons are more isotropic than electrons. The electron anisotropy follows after the change of magnetic field with a small (10-20s) delay. The leading front of magnetic impulse structure is very sharp (≤ 10 sec in 14 of 16 % of these events) as compared to the trailing edge. The ion bulk velocity is Earthward, but not large and actually started to increase before the magnetic impulse onset. We checked statistical dependence of electron aniso-tropy on plasma or magnetic field parameters, or their combinations, but failed to find any simple relationship. Some results are shown in Figure 4 to show the anisotropy occurrence against different parameters (only samples with β ≥ 1 are included). Clear dependence of anisotropy on density and magnetic BZ component are evident. On the contrary, the amplitude of the plasma flow or flux transport rate has no significant relationship with the electron anisotropy. Moreover in some cases the field-aligned electron anisotropy appeared with negative Vx, like in the example of Figure 2 .
We found a sharp reduction of anisotropy occurrence with decreasing radial distance. The occurrence rate (only samples with β ≥ 1 used) dropped by the factor 3.4 from 11.8% at 13-15 Re (9680 points) to only 3.5% at 10-13 Re (6915 points) showing that r∼ 10 Re is near the termination of the region where the field-aligned plasma sheet electrons could be observed, in agreement with observations and modeling presented by Smets et al. [2000] .
Discussion
The results in Figures 2,3 are consistent with the sources of electron anisotropy to be the plasma bubbles (Sergeev et al., [1996] ): small underpopulated plasma tubes with strong magnetic field which are usually transported Earthward (not necessarily at the fast speed) and are in the pressure equilibrium with the ambient plasma. When observed in the CPS region, such bubble-like properties were found to be typical for the isolated BBFs in the midlatil as well as for magnetic impulse events taken at x ∼ −12 Re (Kauristie et al. [2000] ). According to the theory (Chen and Wolf [1999] ) the Earthward motion of the bubble is the consequence of interchange instability. In that case the bubble polarization is determined by (depressed) value of its plasma tube parameter pV γ (p-plasma pressure, V -plasma tube volume, γ=5/3). Noticing that plasma tube volume is proportional to the equatorial cross-section of the flux tube which is proportional to 1/BZ , one could use the value p/B 1.67 Z as an estimate for the plasma tube pa- rameter pV γ . Indeed in Figure 4 the occurrence of electron anisotropy is well organized by this parameter which determines the clear upper bound of anisotropy distribution. Individual points are distributed between this upper envelope and Ae=1 (isotropy) limit. Such scatter is expected because the electron anisotropy, besides the final state parameters, depends also on the history of particle drift and acceleration (that is on the initial parameters). The pitch-angle scattering could also contribute to the isotropization of electron distributions. Weak dependence of electron bi-directional anisotropy on the magnitude of plasma flow could result from bubbles which stopped their radial motion and could drift to the flank or even start to be repelled back tailward as observed in the simulations (Chen and Wolf [1999] ).
T ⊥ depression was frequently found together with T increase to form the bi-directional anisotropy (see an example in Figure 2 ). This could be due to the plasma transport from a more distant location where both temperature and density of source electrons are smaller than at the observation site, and/or because the initial distribution of the parent population is the field-aligned one. Such field-aligned anisotropy could for example be provided by the magnetic reconnection as shown in the kinetic simulations by Hoshino et al. [2001] . However very large equatorial B observed in the magnetic impulse events intuitively suggests that strong betatron acceleration and strong perpendicular heating could destroy the anisotropy. Qualitatively the Fermi acceleration will provide an increase of T f /T i ≈ (ri/r f ) 2 from initial (i) to the final (f) location as compared to perpendicular acceleration by the betatron mechanism as T ⊥f /T ⊥i ≈ B f /Bi. Comparative strength of Fermi-like acceleration against the betatron acceleration depends on the ratio (r
In the inner magnetosphere B ∼ r −3 and betatron acceleration prevails but in the midtail the situation is different, especially inside the transient dynamic localized flux tube like the bubble is. The plasma bubble is in the pressure balance with the media therefore ptBUB ≈ pt0, where pt is a sum of plasma and magnetic pressures taken in the equatorial plane. We suggest the vertical (in Z) pressure balance to be valid in the midtail, i.e. that pt0 corresponds to the magnetic pressure based on the lobe magnetic field (BL). A simple analysis could be done considering pV γ as the plasma tube invariant conserved during the tube propagation. Taking its estimate to be p/B γ Z = const as argued in previous section, we evaluate the variation of plasma beta parameter during the tube propagation and, finally, find that magnetic field in the bubble varies with distance slower than ≈ pt 1/2 0 ≈ BL, which is much slower than 1/r 2 (BL is known to vary as r −0.736 after Mihalov et al. [1968] ). The dominance of Fermi-acceleration in the midtail, therefore, is compatible with the bubble model. Sharply increasing magnetic field in the bubble is expected in the transition region which could be the reason of sharp reduction of the occurrence of the field-aligned electron distributions observed between 10 and 15 Re as well as of reduction of the flux transport rate found statistically by Schodel et al. [2001] in the same domain. This qualitative description agrees with the results by Smets et al. [2000] who modeled adiabatic acceleration in the simple model of magnetic field dipolarization (taken as the transition between two Tsyganenko 89 models, corresponding to quiet and disturbed states). They obtained a Fermi-dominated bi-directional distributions at 11 Re, the butterfly distribution at 9 Re, and betatron-dominated pancake distributions at 7 Re. This illustrates in a more quantitative way that the 8-10 Re distance probably marks a transition in relative effectivity of Fermi-and betatron mechanisms. A more quantitative treatment requires a more detailed knowledge of the transition region betweem 10 and 15 Re than we have.
